Abstract
Indeed, a stability analysis shows that the time step required for an explicit 29 time-stepping scheme is on the order of a second for a 100-km resolution grid
30
[4] and a 100 th of a second for a resolution of 10 km, a typical spatial resolu-31 tion for current regional models. Because of this stringent stability condition, 32 Hibler [2] initially proposed to solve the momentum equation implicitly. 
where C w = ρ w C dw |u − u 
where σ ij are the components of the ice stress tensor, δ ij is the Kronecker ),˙ kk =˙ 11 +˙ 22 , ζ is the bulk viscosity and η is the shear vis-186 cosity.
188
We use a simple two-thickness category model and express the ice strength
189
P as
where P * is the ice strength parameter, A is the sea ice concentration and C
The rheology term (∇ · σ) depends on the yield curve and the flow rule, through the formulation of the bulk and shear viscosities. In the following,
196
we use the elliptical yield curve with a normal flow rule [2] . In this case, the 197 bulk and shear viscosities are given by ratio of the long axis and the short axis of the elliptical yield curve.
201
In the limit where tends to zero, equations (6) and (7) become singular.
202
To avoid this problem, ζ is capped using an hyperbolic tangent [8]
As in equation (7) 
where S h and S A are thermodynamic source terms. These source terms are 213 set to zero in the simulations described in this paper (unless otherwise stated)
214
as we concentrate on matters related to the dynamics. at time level n are written as
where r n * u and r n * v include the wind stress and the sea surface tilt for the u and 
A forward Euler approach is used for the first term of equations (13 The inertial term at time level n is expressed using a backward Euler 263 differencing. Equations (11) and (12) can therefore be written as
where v avg is the average of the four v components of velocity surrounding 265 a u location on the C-grid (same idea for u avg ) and the components of the 266 internal stress tensor are given by
Expanding the water drag and rearranging the terms, equations (15) and
268
(16) can be written as
Using equations (17), (18) 
where A is an N × N matrix. The vector u n is formed by stacking first the knowing that we wish to find the solution u = u n . We introduce the residual 277 vector F(u):
The residual F(u) is useful as it allows one to assess the quality of the 280 approximate solution because for F(u) = 0 the solution is fully converged.
282
The basic idea of implicit methods for solving a nonlinear system of equa-
283
tions is to solve a series of linear systems of equations until this series con-
284
verges to the solution u. The Newton method for solving the nonlinear system of equations (22) is 289 based on a multivariate Taylor expansion around a previous iterate u k−1 :
The higher order terms are neglected in the expression above. Setting
solving the linear system of N equations:
where the system matrix J ≡ F is the Jacobian, an N × N matrix whose
) (where q = 1, N and r = 1, N ). For (25) is solved, the next iterate is given by
Obtaining the Jacobian matrix in equation (25) 
where is a small number (10 −6 in this implementation).
12
The 
where δz = Pδu k and P −1 is referred to as the preconditioning operator. 
The tolerance γ ini for the initial stage is set to 0.99. Hence, the tolerance The EVP model also solves the momentum equations (11) and (12) 
Adding an artificial elastic strain with an elastic parameter E, we get
Introducing T = ζ/E [11], equation (31) can be written as
Following equation (32), the component of the stress tensor are time 384 stepped (using the velocity field at time s-1) according to 
where 
391
The viscous coefficients are in our implementation also calculated following 392 equation (8).
394
With the newly calculated stresses, the velocity is then subcycled accord-
where
The spatial discretization also leads to a system of N equations with N 
where β is a tuning parameter that can change spatially and with time. The term ρhu n−1 /∆t in equation (39) 
Interestingly, if we set β = ρh in equations (39) and (40) number of subcycles are performed as we want to reach full-convergence.
525
The black line on Figure 1 shows the L2-norm of the nonlinear system of The velocity field for the same time level was also calculated using the In this work, we also have a residual for the EVP* solver. However, for current regional ice-ocean models [32] ).
584
The differences between the JFNK approximate solution and the refer- we speculate that the EVP solver leads to more ice production than an im-752 plicit solver (because openings in the ice cover strongly affect the ice growth).
754
The conclusions given in this section are robust. with the EVP solver has notable differences with the reference solution. In 
